Student understanding of the nature of science (NOS) improves in response to focused reflection about its aspects-an explicit, reflective (ER) pedagogy. However, whether this approach is effective within the two most common instructional models of undergraduate science laboratoriesexpository, which confirms predetermined outcomes, and inquiry, which is student driven and involves undetermined outcomes-is unknown. We manipulated underlying pedagogy (expository or inquiry based) and NOS treatment (ER or no ER) randomly across 31 sections of an introductory biology laboratory (n = 602 students). The students' understanding of several NOS aspects, assessed by their responses on two validated
U nderstanding the nature of science (NOS) is an increasingly important science learning outcome, particularly for preservice science teachers and science majors (Alberts 2009 ). (Although we refer to the nature of science for grammatical reasons, there is not a single, unified way to describe science.) Students with more informed NOS views gain more from laboratory experiences and learn science better than those with naive NOS views (Linn and Songer 1993, Tsai 1999) . The NOS conceptualizes the values and assumptions inherent in scientific knowledge and its development (Lederman et al. 2002) . It includes the notions that scientific knowledge is tentative (dynamic) yet reliable, relies on empirical evidence in combination with inference and creativity to build knowledge, is inherently theory laden (i.e., subjective), uses methods beyond a formulaic " scientific method," and involves social interactions to review and support findings (Lederman et al. 2002) . Scientific concepts, process skills, and the NOS are thought to constitute the knowledge necessary to be scientifically literate (NRC 1996) , but few undergraduates and even practicing scientists have uniformly informed NOS understandings (Dagher et al. 2004 , Liu and Tsai 2008 , Schwartz and Lederman 2008 .
Participation in scientific inquiry has been promoted as the best way to teach students science (NRC 1996) . At universities, traditional expository ("cookbook") laboratories that have students confirm predetermined outcomes have been increasingly converted into more open-ended inquirybased laboratories to foster an understanding of scientific research; for example, from 1993 to 2003, college introductory biology courses in the United States increased from approximately 10% to 75% inquiry-based laboratories (Sundberg et al. 2005) . However, there has been sparse evidence to suggest that inquiry-based experiences promote students' NOS understandings (Moss et al. 2001 , Bell et al. 2003 , Sandoval and Morrison 2003 , Dagher et al. 2004 , Schwartz et al. 2004 . Given the suggestion that expository instruction may be superior to inquiry for certain learning outcomes (Kirschner et al. 2006) , the relative merit of expository versus inquiry-based underlying pedagogies for NOS learning deserves exploration.
Recently, attention has been focused on an explicit, reflective (ER) instructional approach to foster NOS understanding (Akerson et al. 2000, Yacoubian and BouJaoude 2010) . In an ER approach, NOS learning objectives are made explicit to the students, who are provided with structured in-and out-of-class opportunities to reflect on their NOS understanding (ER activities). This technique arose out of preservice teacher education (Akerson et al. 2000) and has been successfully integrated in higher education in science methods and science courses for preservice teachers
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Education (Gess-Newsome 2002 , Abd-El-Khalick and Akerson 2004 , Hanuscin et al. 2006 . However, despite the reported efficacy of ER pedagogy to promote NOS understanding, there has been little research on its effectiveness in large introductory college science courses. NOS teaching in this context may be different from doing so in a preservice science context because of the focus on content and process skills rather than on pedagogy (Schussler and Bautista 2011) , because laboratories are usually taught by graduate teaching assistants (TAs) (Sundberg et al. 2005) , and because the lecture and laboratory sections of a course may not necessarily be aligned with each other or of the same value to students.
The role of TAs in guiding effective laboratory experiences is especially noteworthy. At most universities, TAs provide more than 70% of the laboratory instruction for introductory science courses (Sundberg et al. 2005) . Research has suggested that student learning is a function of the under standing that their teacher has about the topic ( Darling-Hammond 2000) . Therefore, success in increasing college students' NOS understanding may depend on TAs' knowledge and understanding of NOS concepts (Roehrig et al. 2003) . However, most TAs have not been exposed to explicit NOS discussions and, in most cases, have little pedagogical training prior to teaching, because their graduate program is focused on research (Luft et al. 2004 ). In fact, TAs are sometimes discouraged from attending training programs, because their mentors either explicitly or implicitly convey to them that teaching will interfere with their research (Jones 1993 , Kurdziel and Libarkin 2003 , Gardner and Jones 2011 . Without proper training to facilitate instruction, most TAs continue to have ill-formed conceptions about how to promote student learning (Roehrig et al. 2003) . Therefore, it can be expected that TAs teaching an introductory science laboratory will have a lack of instructional knowledge (Golde and Dore 2001 , Kurdziel and Libarkin 2003 , Roehrig et al. 2003 , Luft et al. 2004 ) as well as a lack of NOS understanding (Clough 2006 , Hanuscin et al. 2006 .
The purpose of this study was to investigate the pedagogical combinations that best enhanced student NOS understanding in a one-semester introductory biology laboratory course. To accomplish this, we assessed student NOS understanding in laboratory sections assigned one of four treatment combinations in a factorial design with two pedagogical factors: an underlying pedagogy treatment, with two levels (inquiry [I] and expository [E]), and an NOS treatment, also with two levels (one with ER activities [+ER] and one without [-ER]). There were therefore four treatment combinations for the labs ( figure 1): I, +ER (inquiry laboratories with ER activities); E, +ER (expository laboratories with ER activities); I, -ER (inquiry laboratories without ER activities); and E, -ER (expository laboratories without ER activities). Given the pedagogical advocacy for inquiry-based laboratories and the empirical evidence of the benefits of ER instruction, we were explicitly testing whether students in the I, +ER group would have relatively more informed NOS understandings than would the students in the other groups by the end of the semester.
The context of the study The study was conducted in the laboratory portion of a four-credit first-semester introductory biology course (with 602 registered students) at a public Midwestern university in fall 2008. The lecture and laboratories covered the content topics of ecology, evolution, genetics, and biodiversity, but the topics were not aligned week by week. The individual laboratory sections (n = 31) were taught by TAs (n = 17) and were held once a week for 2 hours; 24 students were enrolled in each section. The semester encompassed 15 weeks of laboratory; of those weeks, 4 were introductory or assessment laboratories, 1 was a common laboratory activity for all treatments, and 10 weeks (constituting five laboratories) were delivered using the treatment combinations.
The 31 laboratory sections were randomly assigned a treatment combination consisting of an underlying pedagogy (I or E) and an NOS treatment (+ER or -ER). Each laboratory section retained this assignment throughout the study. The I, +ER group was composed of nine (n = 194 students); the E, +ER group of seven (n = 123); the I, -ER group of seven (n = 142); and the E, -ER group of eight laboratory sections (n = 143) (figure 1).
The biology content, supplies and equipment, and basic activities were the same for all of the laboratory sections; besides any instructional variation among the TAs, the pedagogical approach of the treatment combination was the only variation. The NRC's (1996) hallmarks of inquiry were used as the basis for the underlying pedagogy treatment for this project. Colburn's (1997) Schwab-Herron levels of laboratory openness framework, based on the work by Schwab (1962) and Herron (1971) , was used to delineate the levels of the expository and inquiry treatments. 
Education
According to the Schwab-Herron framework, laboratories can be arranged on a continuum from verification (level 0) to authentic inquiry (level 3), depending on whether the teacher or the student directs most of the activities. For the expository laboratories, the students were given the problem and background information ahead of time and were provided with experimental procedures and data analysis guidance to reach a predetermined conclusion (level 0). In the inquiry laboratories, the students designed the experiments and analyzed the data with less direction from the laboratory manual and instructor (level 2). The students in the expository and inquiry groups received separate versions of the laboratory manual (see supplemental appendix S4, available online at http: //dx.doi.org/10.1525/bio.2013.63.5.11 , for an example set of laboratories). A project advisory committee evaluated the laboratory curricula to verify the underlying pedagogy levels, and two of the present authors conducted multiple laboratory observations to monitor the TAs' implementation. These steps were taken to control for the level of inquiry and for consistency of delivery as much as was possible, knowing that these could drastically affect the quality of the results.
In the NOS groups, the students in the -ER laboratories did not discuss the NOS in their laboratories, whereas the students in the +ER laboratories participated in guided in-lab discussions about how selected NOS aspects related to that week's laboratory. The students in the +ER laboratories also included reflections about the NOS in five postexperiment assignments. The NOS aspects discussed in the laboratories were selected in conjunction with an advisory NOS expert as those most accessible to college freshman. The five aspects were the tentative nature of knowledge, observation and inference, creativity, the theory-laden NOS, and the myth of the scientific method. There were at least two NOS aspects discussed during each of the 10 weeks of laboratory for the +ER treatment, which allowed each aspect to be discussed twice by the end of the semester (see Bautista and Schussler [2010] for details of ER delivery and supplemental appendix S5 for NOS objectives and reflection questions for each laboratory). The ER activities were not included in the lab manuals; they were implemented by the TA from materials handed out at the +ER TA meetings, and the activities typically lasted less than 10 minutes. There were no activities added to the E, -ER laboratories to equalize the time spent on tasks, because experience with laboratory delivery indicated that laboratory length typically varied by TA and not by curriculum.
One factor that could interfere with the consistency of the laboratory treatments was the possible differences in the TAs' implementation. In their study, Roehrig and colleagues (2003) found that TAs' prior inquiry-based experiences as students affected their instructional decisions. TAs who had experienced inquiry-based laboratories in college-and particularly those who had unsatisfactory experiences with that style of instruction-did not perceive inquiry-based teaching as valuable and often reverted to an expository style of teaching (Luft et al. 2004, Gardner and Jones 2011) . Therefore, Roehrig and colleagues (2003) emphasized the importance of careful TA assignments for inquiry laboratories and recommended that TAs' interests and abilities be matched with the course objectives. Although one may argue that TA self-selection could introduce bias to a study, this may be outweighed by the potential for greater consistency of implementation.
In our case, the TAs were assigned to the course one month prior to the start of the semester as part of their departmental teaching duties; the TAs were not selected specifically for the project. To prepare the TAs for instruction, prior to the start of classes, they attended a 2-day workshop on inquiry-based teaching, NOS aspects, and ER instruction. The intent of this workshop was not to make the TAs experts in either inquiry or NOS aspects but to familiarize them with the pedagogies so that they could decide which treatment they felt comfortable implementing and could understand how the treatments differed from each other. At the end of the workshop, teaching assignments were made on the basis of previous teaching experiences (equalized among treatment combinations) and TA preference. The two laboratories that a TA taught were always of the same treatment combination, and no TA taught a treatment that he or she did not want to facilitate, the assumption being that those who had positive attitudes toward a treatment would be more likely to implement the treatment consistently (Roehrig et al. 2003) .
The nine TAs who implemented the +ER laboratories attended the regular TA preparation sessions for expository or inquiry-based laboratories, as well as a 1-hour ER preparation session approximately every 2 weeks, led by the faculty members who had prepared the ER activities. During the ER preparation sessions, the NOS objectives, reflection questions, and written assignment for each laboratory were discussed (Bautista and Schussler 2010) . The faculty members provided instructional feedback based on their laboratory observations, the TAs shared challenges and ideas for fostering student discussion, and the NOS aspects and discussion questions for that week were clarified. Additional information about the impacts of these sessions on the TAs and their teaching can be found in Schussler and Bautista (2011) .
The assessment of student performance in each laboratory was based on laboratory quizzes, participation, postexperiment assignments (laboratory reports), and midterm and final exams. The postexperiment assignments were the same for all of the laboratories, except that the students in the +ER laboratories also responded to questions about specific NOS aspects (appendix S5). However, the total number of points and the distribution of those points were the same in each laboratory. The only difference was that in the +ER laboratories, student participation in NOS discussions was part of their participation grade, and the students lost points on the postexperiment assignment (typically 1-2 points out of 20) if they did not address the NOS aspects. The students Education were never graded on their understanding of NOS aspects, however.
The students were mostly female, white, first-year students who indicated that they were majoring in biology. The demographics of the students who completed one of the project assessments are shown as a function of their group in table 1.
Assessments of student NOS understanding
The students completed two pre-and posttreatment (also referred to as pre-and postimplementation) assessments of their NOS understanding over the semester. One consisted of 12 multiple-choice items from Aikenhead and colleagues' (1989) Views on Science-Technology-Society report (VOSTS), selected to align with the five NOS aspects chosen for the study. Because VOSTS is an inventory, any number of the 114 items can be selected and used with validity. The second assessment was the Views of Nature of Science, Form B, questionnaire (VNOS-B; Bell et al. 2003) , which includes six open-ended NOS questions (Lederman et al. 2002 ) and two open-ended questions about scientific inquiry, which can collectively be used to assess all five NOS aspects. These instruments were chosen by the project advisory committee because both VOSTS and VNOS-B have been previously used to assess university students' conceptions of NOS aspects with reliability and validity (Aikenhead and Ryan 1992 , Lin and Chen 2002 , Akerson and Buzzelli 2007 , Bell et al. 2011 . The VOSTS and VNOS-B questions used for the assessments are shown in supplemental appendices S1 and S2.
During the first week of the laboratory, all of the students received a paper copy of the VOSTS items and were given 20 minutes of laboratory time to voluntarily respond. The assessments were administered by a member of the project team and not by the TAs. VNOS-B was administered as an online survey sent to each student the first week of class. The students had 1 week to complete the survey and were awarded 2 points for its completion as part of the 250 points for their laboratory grade. This procedure was repeated for the posttreatment assessments the week after the last treatment laboratory was completed. The participants provided a unique alphanumeric code for these instruments so that the pre-and posttreatment assessments could be matched.
Pre-and postimplementation responses were categorically coded for each of the 12 items (VOSTS) or each of the five NOS aspects (VNOS-B) as naive, plausible, or appropriate. Student responses consistent with an informed NOS understanding were scored as appropriate views of science, those with partially correct understandings were coded as plausible, and responses in opposition to the appropriate view were considered naive. The criteria for these codes are shown in tables 2 and 3 and are described below.
For VOSTS, undergraduate pre-and postimplementation responses were matched by alphanumeric code, and those missing a pre-or posttreatment response were removed from the data set. The final data set consisted of 405 participants who completed both the pre-and the posttreatment responses. Each of the multiple-choice responses for the 12 items on the VOSTS pre-and posttreatment assessments were then scored on the basis of Dogan and Abd-El-Khalick's (2008) or the present authors' coding scheme (table 2); because the coding of these responses was absolute, no interrelation was needed. Six of the VOSTS items were not considered to have a plausible response; the remaining six VOSTS items allowed for the possibility of any of the three types of response (table 2) .
For the VNOS-B assessment, there were 322 participants who completed both the pre-and posttreatment surveys. Because of the time-intensive nature of converting the open-ended responses into categories, the data from 200 students were evenly sampled from each treatment combination and laboratory section for analysis. The participants' understanding of each of the five NOS aspects was categorized as appropriate, plausible, or naive by reading the entire pre-or posttreatment response of each student. These categorizations were made using a coding scheme developed by three of the present authors (table 3) , which went through Abbreviations: E, expository instruction; I, inquiry-based instruction; +ER, explicit, reflexive (ER) activities were included in the instruction; -ER, ER activities were not included.
Education several iterations of testing before it was employed. To assign the codes, two of the authors independently categorized a student's understanding of each of the five NOS aspects for each pre-and posttreatment VNOS-B response. This initial coding produced an average agreement of 77% between the coders. A third author reconciled the disagreements through a third round of independent coding.
The analyses and results
For each pre-and posttreatment VOSTS item and NOS aspect (from VNOS-B), the distributions of student res ponses were modeled as a function of the factorial experimental design. Because of the ordinal nature of the categorized student responses, for each pre-and post treatment VOSTS item and NOS aspect, we used a cumulative logit model to test whether the distribution of the students' responses was affected by the underlying pedagogy treatment (expository or inquiry), the NOS treatment type (+ER or -ER), or an interaction among the treatments. The students' responses were pooled among laboratory sections within the four groups. We first checked the reliability of the items and coding by determining whether the preimplementation responses were significantly associated with any aspect of the study design. The response distributions for four VOSTS items did exhibit statistically significant associations with a treatment that had yet to be administered (supplemental appendix S3); these items were omitted from further analyses, because we judged them to be potentially unreliable for our population and sample size. The remaining VOSTS items and VNOS-B NOS The myth of the scientific method
Says that there is no scientific method
Believes that a scientific method exists, but it can include extra steps or may be ignored in some cases
Believes that you have to use the scientific method to get "good" data Education aspects had preimplementation distributions not associated with any aspect of the factorial arrangement of the study design, meaning that the posttreatment distributions could be used to infer the effects of the pedagogical and NOS treatments or their interactions. For this study, α = .05. The students' understandings of several NOS items and aspects were significantly affected by the treatments or their combinations. For the VOSTS items, the posttreatment distribution of the student responses affiliated with VOSTS item 90311 (tentative NOS) was significantly affected by the NOS treatment (χ 2 (1) = 9.67, p = .002), and the distribution of the students' posttreatment responses affiliated with VOSTS item 91011 (creative NOS) exhibited an underlying pedagogy × NOS treatment interaction (χ 2 (1) = 4.36, p = .037). More specifically, for item 90311, the students in the E, -ER group had proportionally fewer naive and more appropriate responses at the end of the semester than did the students who experienced the ER activities (figure 2). For VOSTS item 91011, the student posttest responses were best in the I, -ER and E, +ER groups, wherein proportionally more students had appropriate scores (and fewer had naive scores) than did their I, +ER and E, -ER counterparts (figure 3).
Postimplementation distributions of student scores for three NOS aspects from the VNOS-B assessment were also affected by some aspect of the treatment design. The distribution of the students' posttreatment scores for the myth of the scientific method were significantly affected by the NOS treatment (χ 2 (1) = 13.47, p = .0002), scores for the tentative NOS category were significantly affected by the underlying pedagogy treatment (χ 2 (1) = 3.87, p = .049), and the empirical NOS scores exhibited a significant effect from an underlying pedagogy × NOS treatment interaction (χ 2 (1) = 3.86, p = .049). More specifically, for the myth of the scientific method, students in the +ER group had proportionally more plausible and fewer naive posttest scores than did the students in the E, -ER group ( figure 4). For the tentative NOS aspect, students in the expository laboratories had proportionally fewer naive The results show an interaction, with students in the I, -ER and E, +ER groups having more appropriate responses than did the students in the other groups. All significant results were found using a cumulative logit model, and = .05. Abbreviations: E and I refer to expository and inquiry-based instruction, respectively; +ER, explicit, reflective (ER) activities were included in the instruction; -ER, ER activities were not included. Education scores and proportionally more plausible and appropriate scores than did the students in the inquiry-based laboratories ( figure 5). Finally, for the empirical NOS, the student scores were best in the I, -ER and E, +ER groups, wherein proportionally fewer students had naive scores (and proportionally more had plausible and appropriate scores) than did the students in I, +ER and E, -ER groups (figure 6).
Interpretation of the results
Studies on student NOS understanding and the effectiveness of an ER approach have mostly taken place in K-12 and preservice teacher education settings (Gess-Newsome 2002 , Abd-El-Khalick and Akerson 2004 , Hanuscin et al. 2006 . NOS researchers have recognized the lack of emphasis on NOS in undergraduate science courses (Akerson et al. 2000) , and we responded in the present study by pairing ER activities with two commonly used undergraduate laboratory pedagogies. Given the effectiveness of inquiry-based teaching and ER in the research literature, we wondered whether students in the I, +ER group would have proportionally more informed NOS understandings by the end of the semester. However, the findings of the present study revealed that this was not the case.
Student understanding of some aspects of the NOS was indeed influenced by the type of laboratory instruction. For instance, undergraduate understanding of the myth of the scientific method, as it was assessed by VNOS-B, was proportionally higher for the students in +ER laboratories, regardless of whether the under lying pedagogy was based on expository or inquiry-based pedagogy. Students in the -ER groups in some cases lost NOS understanding between the preand posttests. These results are consistent with studies showing an ER effect on NOS understanding (Akerson et al. 2000, Yacoubian and BouJaoude 2010) . In our study, short discussions and reflections helped the students understand that not all scientific investigations follow a prescribed set of rigid steps to produce results. This +ER effect suggests that it is possible to develop more informed understandings of this aspect in association with any under lying laboratory The students were more likely to write responses consistent with the myth of the scientific method after being exposed to a +ER pedagogy. All significant results were found using a cumulative logit model, and = .05. Abbreviations: +ER, explicit, reflective (ER) activities were included in the instruction; -ER, ER activities were not included. There was also evidence that the use of inquiry as an underlying pedagogy without incorporating ER (as in the I, -ER group) was just as effective in improving two aspects of NOS understanding (that science is creative, assessed using VOSTS, and that it is empirical and inferential, assessed using VNOS-B) as was pairing expository laboratories with a +ER treatment. This is inconsistent with studies in which inquiry-based instruction had no effect on student NOS understanding (Moss et al. 2001 , Bell et al. 2003 , Sandoval and Morrison 2003 , Schwartz et al. 2004 ) but also suggests that how pedagogies are paired makes a difference. In this case, pairing inquiry with ER activities (I, +ER) or using expository instruction without ER activities (E, -ER) was relatively less successful at improving student understanding of these two aspects. The aspects of the creativity and the empirical and inferential NOS are similar, because students must understand that out-of-the-box thinking is required in science, including proposing novel questions, creating new ways to analyze and visualize data, and finding relationships between what is known and unknown. Our results suggest that students come to a better understanding of these ideas when they participate in laboratories that more closely align with authentic scientific practices (i.e., inquiry laboratories) or that, in the absence of inquiry, the same effect can be accomplished through discussion and reflection within the context of an expository laboratory.
Improving student understanding of the tentative NOS proved less clear cut. The VOSTS results indicated that the students in the +ER laboratories had relatively less understanding of the tentative NOS than did the students in the -ER laboratories, whether their TAs used an expository or inquiry-based pedagogy. The VNOS-B results indicated that the students had relatively higher NOS understanding in expository laboratories, regardless of the ER treatment. Our study suggests that students would learn the tentative NOS best when they participate in expository laboratories. We suggest that perhaps students learn about the dynamic NOS in lecture class but that confirmatory expository laboratories help them understand the reliability of this knowledge. In this proposed explanation, inquiry-based laboratories may actually lead students to believe that scientific knowledge is unreliable.
Conclusions
The results of our study indicate that student understanding of the creative, tentative, empirical, and inferential aspects of the NOS and the myth of the scientific method can be improved in a semester-long introductory biology laboratory with TAs as instructors but that the combination of pedagogies matters. Clearly, there are differences among NOS aspects not only in the difficulty of promoting informed understanding (Liu and Tsai 2008, Miller et al. 2010 ) but also in the optimal combinations of doing and discussing science in the laboratory. Our results suggest that our expository laboratories paired with ER instruction would maximize NOS gains of these four aspects for our student population. However, this suggestion runs contrary to national reform recommendations to employ inquirybased laboratories to foster student understanding of how to do science. In this case, the pedagogies that improve student understanding of how to do science may actually impede student NOS understanding.
Because many college courses lack any discussion about the NOS, we suggest that structured discussions and written reflections about the NOS during laboratory sessions or even during lecture classes be encouraged in introductory bio logy courses. This may be fostered by incorporating discussions of socioscientific issues (Schalk 2012) , metacognitive prompts (Peters and Kitsantas 2010) , or argumentation instruction (McDonald 2010) into the curriculum and having faculty members and TAs form communities of practice to support NOS instruction (Akerson et al. 2012 ). However, Figure 6 . The percentage of students in each of the four treatment combination groups who provided pre-and postimplementation responses related to their understanding of the empirical and inferential nature of science that were coded as naive (N), plausible (P), and appropriate (A). The figure shows an interaction between treatments, in which the students in the I, -ER and E, +ER groups were more likely to choose responses consistent with an understanding of the empirical and inferential nature of science than were the students in the other groups. All significant results were found using a cumulative logit model, and = .05. Abbreviations: E and I refer to expository and inquiry-based instruction, respectively; +ER, explicit, reflective (ER) activities were included in the instruction; -ER, ER activities were not included. Education instructors will have to choose a pedagogy that matches the NOS learning objective, perhaps selecting an expository laboratory for some NOS aspects and an inquiry-based one for others in order to maximize content, process, and NOS learning in the students. Indeed, additional research combining different laboratory pedagogies with ER will need to be conducted in various undergraduate contexts before the best combinations can be determined for fostering specific NOS learning outcomes in students.
